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ABSTRACT
Lawrence Livermore National Laboratory (LLNL) integratesand collects datafor use in calibration of
seismic detection, location, and identification. Calibrationdatais collected by 1) numerous seismic field
efforts, many conducted under NNSA (ROA) and DTRA (PRDA) contracts, and 2) permanentseismic
stationsthatare operated by national and internationalorganizations. Local-network operators and
ihtemationalorganizations (e.g. InternationalSeismic Center) provide location and other source
characterization(collectively referredto as source parameters)to LLNL, or LLNL determinesthese
parametersfi-omraw data. For each seismic event, LLNL rigorously characterizesthe uncertaintyof source
parameters. This validation process is used to identi~ events whose source parametersare accurate enough
for use in calibration.

LLNL has developed criteria for determiningthe accuracy of seismic locations and methods to characterize
the covariance of calibration datasets. Although the most desirable calibration events are chemical and
nuclear explosions with highly accurate locations and origin times, catalogues of naturallyoccurring
earthquakesoffer needed geographic coverage thatis not provided by man made sources. The issue in
using seismically determinedlocations for calibration is validating the location accuracy. Sweeney ( 1998)
presenteda 50190teleseismic, network-coverage criterion (50 defining phases and 90° maximum azimuthal
gap) thatgenerally results in 15-km maximum epicenter error. We have also conducted testsof recently
proposed localhegiona.1criteriaand found that 10-km accuracy can be achieved by applying a 20190
criteria. We continue to conduct teststhatmay validate less stringentcriteria(which will produce more
calibration events) while maintainingdesirable location accuracy. Lastly, we examine methods of
characterizingthe covariance structureof calibration datasets. Each dataset is likely to be effected by
distinct error processes thatresult in a distinct covariance structure.We presentcovruiance models for
select data sets and demonstratehow these datasets can be integratedinto one calibration-event catalog.

LLNL has developed a robust magnitude calibrationmethodology for sparsely distributedregional
stationsusing narrow band coda envelopes. This technique provides stablemagnitudesfor small
events thatmakes detection and identification calibration possible at low magnitudes. This approach
has most recently been applied to IMS stationslocated in Israel, Jordanand Egypt for events thatspan
local and near regional distances. Our preliminaryresults show thata magnitude estimatefrom one
stationusing the coda is equivalent to a network average of roughly 9 stationswhen using traditional
magnitudes(e.g., u(P), ML, Md). The stabilityof the coda comes from measuring a long length of
coda using a calibrated synthetic envelope as an empirical metric. We relatethe non-dimensional coda
amplitudesto an absolute scale by tying them to independentmoment estimatesfi-omlargerwavefonn-
modeled events. Unlike most narrow band magnitudes,this approach yields an azirnuthallyaveragecl
moment-rate spectrumthatis completely corrected for pathand site effects. The resultantmagnitudes
from the spectra(e.g., Mw and m~) are fully transportableand do not suffer from regional bias.
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OBJECTIVE

Introduction

Lawrence Livermore National Laboratory’s (LLNL’s) seismic calibration program aims to improve
prediction of both earth-model-based parameters– such as path-dependenttravel time and amplitude- and
subsequentlydetermined source parameters– such as location and magnitude. Au importantcomponent of
this effort is the integrationand development of accurate calibration (a.k.a. ground truth)events, for used in
the construction or validation of earthmodels and empirical corrections (Schultz et al., 1998; Myers and
Schultz 2000). In our integrationeffort we collect calibration events fi-omthe seismological community,
validate location parameters,and in some instances determineparametersthathave not been iucluded by
the contributor (e.g. origin time or magnitude). Below, we briefly describe our efforts to collect new
calibrationdata. Then we focus on two of the key methodologies thatwe use in integration, 1) validation
of location parameters,and 2) magnitude determination.

Teaming with numerous groups, LLNL has succeeded in obtaiuiug ROA contracts with the object of
developing new calibration events. These efforts focus on collection of calibration events in the European
Arctic and the Middle East. In several cases tempor~ stationswill be deployed and mine-related or
dedicated explosions will be recorded. In other cases the focus is on passive datacollection. These
projects will provide calibration datawith accurate or fiducial hypocenter parametersand regionally
determinedmagnitudes.

As a complement to LLNL’s calibration-event collection efforts, we integratea large number of events
from the general seismic community. Contributorsrange from local-network operatorsand global catalogs,
to event relocations from individual researchers.We find thatthe accuracy of location parametersfi-om
these sources varies significantly, and thata rigorous validation effort is required to characterizethe
uncertaintyof each location parameter.For instance, event locations are usually contributedwith formal
uncertaintiesonly, requiriug au assessmentof absolute accuracy. LLNL’s work has helped to establish
network coverage criteriaas a means to assessepicenter accuracy, and our ongoing efforts continue to test
these criteria.Below, we discuss epicenter accuracy criteriafor teleseismic networks and for local
networks.

Event magnitude is a crucial parameterin seismic monitoring, yet many contributed events eitherdo not
included magnitude or the magnitude determinationis preliminary in nature.For events thatare recorded
teleseismically the magnitude is generally reliable, due to the number of reporting stationsand relatively
low variance amplitude observations. However, events thatare only recorded on regional networks are
typically unreliable, due to the small number of recording stationsand high variance amplitude
observations. Therefore, LLNL has developed a stablemagnitudemethod based on coda envelope
measurementsthatcan be reliably used even for single-stationmagnitude determination.

RESEARCH ACCOMPLISHED

Seismic Calibration Studies
LLNL is teamed with a number of organizations– domestic and international,academic and private–
throughthe NNSA ROA contractingmechanism to conduct calibration studies.Figure 1 shows the number
and geographic extent of these projects. Projects range from the EuropeanArctic, Turkey, Saudi Arabi%
and abroad Middle East calibration effort.

In the European arctic LLNL is working with partnersNORSAR and KRSC on the ROA contract to
provide ground truthmining explosions for key stationsof the IMS network and other stationsof interestin
northernFenuoscaudia and northwesternRussia. In Turkey LLNL is involved in a project to conduct a
calibration explosion in Lake Vau thatwill yield calibration and phenomenologica.1data. Also in Turkey
and Israel,we are working with in-country collaborators to implement coda-based magnitudesin the
routineproduction of catalogs. Finally, LLNL is working with collaborators in Saudi Arabia to deploy
seismic instrumentationfor the purpose of crdibrationevent datacollection.
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Figurel. LLNL is involved in collaborative
projects in Eurasiaand the Middle East. In the
European arctic LLNL is working with partners
NORSAR and KRSC on the ROA contract to
provide ground truthmining explosions for key
stations of the IMS network and other stationsof
interest in northern Fennoscandia and
northwesternRussia. In Turkey LLNL is involved
in a project to conduct a calibration explosion in
Lake Van thatwill yield calibration and
phenomenological data. Also in Turkey and
Israel, we are working with in-country
collaborators to implement coda-based
magnitudes in the routine production of catalogs.
Finally, LLNL is working with collaborators in
Saudi Arabia to deploy seismic instrumentation

%for the purpose
collection.

of calibration event data

EDicenter Validation
Accurate event locations are a cornerstone of travel-time calibration. Standardseismic location uncertainty
analysisprovides an estimateof location precision, but dislocation due to model-based travel-time
prediction uncertaintyandbias are typically not included in the uncertaintyanalysis. Therefore, validation
of event accuracy is a crucial component our calibrationprogram. In most instanceswe cannot validate
againstfiducial locations. Therefore, we testvarious location metrics againstknown locations and assess
the accuracy thateach metric produces. There aremany potentiaJmetrics, and we find thata network
coverage criterion is the most applicable (Sweeney, 1998). Specifically, we find the azimuthalgap in
stationcoverage to be the most importantmetric, followed by the number of stationsused in the location.
We presentthese criteriaas a ratio (e.g. 50/90), where the first number (50) is the number of phases arrivals
used in the location and the second number (90) is the largest azimuthalgap in stationcoverage (in
degrees).

Calibration events derived from a teleseismic network (GT 15]
The relatively long period covered by global seismicity cataJogs(e.g. ISC) provides numerous potential
calibration events for use in regional calibration. However, assessingthe accuracy of these events can be
problematic because the seismic locations are typically the only locations available. In some instances,
however, we have locations from other sources thatallow us to compare the catalog epicenter with a much
more accurate location. Sweeney (1998) compared teleseismic locations to accurate local-network
locations and found thata 50190criteriaproduced epicenterswith 20km accuracy (GT20). Myers and
Schultz (2000) used updatedlocal-network locations and found thatin all test cases teleseismic locations
meeting 50/90 where within 15km of the reference location (Figure 2).
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By applying the 50190criterion to teleseismic catalogs we identi@ thousandsof calibration events with
good geographic distributionthroughoutEurasia.Below, we describe criteria for local networks thatcan
produce more accuratecalibration events, but the geographic distributionof these events is poor compared
to the 50/90 epicenters. By combining 50190events with more accurate calibration events we obtain the
high quality travel-time calibration in limited areasand good calibration and uncertaintycharacterization
over broad areas.

Calibration events from a local-network (GTIO\
The most accurate, seismically constrainedcalibration events come fi-omnetworks thatare 1) close to the
event and 2) contain numerous, well-distributed stations. The events can provide improved travel-time
calibration because uncertaintyassociated with the event position is small. For convenience we apply the
network coverage criteria(defined above) to local/regional networks.

Recently, a 10/120 localhegional coverage criterionwas proposed for GT5 events (Bondar, personal
communication), with all stationswithin 250 km and at least one stationwithin 30 km. In order to testthis
criterion we use the 1999 Dead Sea calibration explosions. These events are some of the select few events
with fiducial locations thatcan be used to test epicenter accuracy for a dense locallregional network. There
are about 50 stationsof thejoint Israel/Jordannetwork within 250km of the Dead Sea shots. To testthe
regional/local network location accuracy we repeatedly sampled the network to meet the minimum 10/120
criterion. We located the explosion using 1000 random (non-redundant)network samplingsto test the
reliability of location accuracy under a variety of circumstances. We find thatthe resultinglocations are
accurateto 20 km atthe 90°/0confidence level (Figure3). This testwas conducted using a number of 1-
dimensional velocity models – includingiasp91 and a local Israelimodel (Shapiro, personal
communication), and the resultsdid not change significantly. It may be possible to improve upon the
location with a 3-dimensional model. However, for the purposes of establishingcoverage criteriawe want
to minimize the influence of the velocity model because criteriathatinclude the velocity model are not
easily portable.
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In order to establisha local/regional network criterion thatimproves upon the global network locations, we
relocated thelargest Dead Sea explosion 1000 times with variable network coverage (Figure 4). The
resultsof this experiment show that– like teleseismic-network locations – azimuthalgap is the most
importantnetwork coverage parameter,followed by the number of stations. When a 20/90 criterion is met,
we locate the Dead Sea explosion to within 10 km of the known location. It is interestingto note thatwhen
all of the 50 stationsare used the location error can be as high as 5 ~ depending on the velocity model
used.
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Coda Magnitude
Magnitude estimation forms an integral part in any seismic monitoring endeavor, especially for monitoring
compliance of the CTBT. Regional seismic discriminants used in CTBT monitoring are often fimctions of
magnitude such as mb:M,, high-to-low spectral ratios, and nuclear explosion yield estimation. Regional
magnitudes used in discriminants for small-to-moderate sized crustal events using P., pg, ~d L~ ~1 suffer
from source and path heterogeneity. As a consequence, multi-station averaging is necessary to reduce the
amplitude variability. For IMS monitoring, the average station spacing is larger than 1000 kilometers and
thus the ability to measure a stable magnitude for small-to-moderate sized events becomes difficult because
of limited stations over measurements are averaged. As a result magnitudes for small-to-moderate sized
events cannot be measured teleseismically and require a stable, single-station regional measure of
earthquakesize. We believe our methodology can provide a “universal” and transportablemagnitude based
on P andJorS coda thatcan be easily tied to the already establishedteleseismic catalogs.

Coda Magnitude Methodology
Following a methodology outlined in Mayeda and Walter (1996), we apply a narrow-band filter for 13
frequency bands ranging between 0.03 and 8.0 Hz for the two horizontal components (Figure 6). This
range of frequency bands is chosen such that we can compute MW. We then take the log lo of envelopes,
average the two horizontal envelopes, then smooth them. After forming narrow-band envelopes for all the
events, we measure the velocity of the peak S-arrival for each fi-equencyband and plot versus distance. For
the longest periods the peak corresponds to the Rayleigh or Love wave, but because we empirically correct
for each fi-equencyban~ mixing wave types makes no difference on the final results. Since our goal was to
calibrate both local and regional-distance earthquakes,we tried different functional forms thatmatched our
data. We found that a simple hyperbola did an excellent job at simultaneously fitting the local and regional
phase velocity,

v(x) = co – [cl/(c2 + x)] (1)

where x is the distance and cO, c1 and C2 are constants.

We found thata simple analytic form thatresembles the single-scatteringmodel of Aki (1969) generally
does a good job at fitting the shapes of both regional and local coda envelopes. The main difference is that
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we had better fits by forming the envelopes relative to the direct S (or L~) arrival,not the origin time as is
done in nearly all scatteringmodels. The analytic expression thatwe used to fit the observed narrow-band
envelopes at center frequency f is

Ac(jftlx) =AO .H(t--&)*(t -&)-T .exp(–b. (t-&)) (2)

where Ao is a source constant, His the Heaviside step fimction, tis the time in seconds from the origin, x is
the distance in kilometers, v(x) is the vel’ocity of the peak arrival in krn/sec and y and b control the coda
decay. It should be noted however that the more complex 2-D and 3-D multiple-scattering models could
also be used (see Sato and Fehler review, 1999). For our purposes we only want an empirical fit to the data
over a range of distances and frequency bands and thus this simple form is completely adequate for this
purpose. Furthermore, all the scattering models have implicit assumptions on the attenuation and
geometrical spreading, assumptions we feel are inappropriate given that our data span both local and
regional distances.

Since we are not explicitly applying a scattering model that has attenuationbuilt into its formulation,
we need to find an empirical distance relation for the coda amplitudes. This is preferable since we do not
want to make any assumptions about homogeneous coda decay in a region – an assumption commonly
made in past coda studies. Instead, we incorporate both geometrical spreading and attenuation(whether it
stems fi-om scattering, absorption, leakage etc.) using a strictly empirical form. We use Equation 2 as a
means of matching the observed coda envelope shape to extract a coda amplitude measurement. In
essence, Equation 2 is used as an empirical metric and thus any fictional relationship that fits the data
could have been used. The steps described here allow one to measure coda amplitudes, which are initially
in dimensionless units, correct for distance and site effects and tie to an absolute measure. The validation
of this approach is simple. We verifi that we obtain the same source spectra at different stations and
distances for the same event (thus confting our empirical distance corrections) and then verify that our
inferred moments are comparable to those that were independently determined from other means such as
long-period wavefom modeling.

Coda Shape Factors

Now that we know the velocities for each flequency ban~ we can fit our simple analytic form to find the
coda shape parameter b, which controls the coda decay as measured from the direct S (or L~) arrival. By
rearrangingEquation 2 and taking the log lo of both sides we get

[10glo Ac(ftlx) ● (t-&) ‘]= log,O(Ao ●H(t-~))- b.(t-fi)olog(e) (3)

By plotting Equation 3 versus [t-x/v(x)] the slope of the best fitting line is b logl~ (e).

Since we want to fit the coda at all distances we try to measure the coda over a range of distances to
determine if b is dependent upon distance. For the higher iiequencies b is strongly distant dependent
whereas for fi-equencies below -0.5 Hz the coda shape factor is roughly constant and is smaller (i. e., decays
more slowly than the higher frequencies). Again, we found that a simple form of a hyperbola fit the b
values as a function of distancex spanningboth local and regional distances.

Simde Distance Corrections

For events in the Dead Sea rift and Gulf of Aqaba region, the Geophysical Institute of Israel routinely
performs network locations and assorted magnitudes such as W, ML and MW. Now that we have the
velocities and coda shape factors we set AO in Equation 2 to unity, take the log lo to be consistent with our
observed envelopes, then dc shift the synthetic envelopes to fit the observed envelopes using an L-1 norm.
The magnitude of the dc shift is the non-dimensional coda amplitude. This amplitude is analogous to any
direct wave measure in the sense that a distance and site correction are still required. Measuring the coda
envelope amplitude over a length of time merely provides a more stable measure than using direct waves
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which are of short duration and thus considerably more susceptible to interference, path heterogeneity, and
source radiationpattern.

For each frequency band we subtract the network-averaged local magnitude, ML(GII), fi-om the coda
amplitude and plot versus distance in kilometers. We used events in a narrow magnitude range for each
frequency band (e.g., around +1- 0.25 magnitude units) when determining the distance corrections to avoid
potential biases related to comer frequency scaling. Figure 7 shows source-normalized coda amplitude (at
l-Hz) as a iimction of distance. We tried a number of classic attenuationrelations that are routinely applied
in direct-wave studiesbut found thatthe following empirical form,

A(~)x) = [C1+(~2)C3]-1 (4)

did the best job at simultaneously fitting local and regionaJdistance codq where x is the epicentral distance,
f is the center frequency, and cl, c2, C3 are constants. From Figure 7 we observe that the coda-derived
amplitude at l-Hz begins to decay at around 150 km distance, a likely result of local 3-D crustal scattering
transitioning to guided 2-D L~-coda at regional distances. This observation of constant coda amplitude in
the local distance range has long been hypothesized in local S-wave coda studies of coda Q and site
response. When we apply this to the broader region we might expect different distant-dependentbehavior
such as velocity, coda shat)efactor and attenuation. These are elements of ongoing study.. .
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Up to this point we have measured non-dimensional coda envelope amplitudes and corrected for
distance. In this section we relate these values to an absolute scale, namely seismic moment to obtain a
moment-rate spectrum. Our only assumption is that the S-wave source spectrum is flat below the comer
frequency. We p~osely underestimatewhere the comer frequency lies for our set of calibration events to
avoid flattening our spectraunrealistically.

We used a 1-D reflectivity code to waveform model a series of moderate sized in the region to
estimate seismic moment. This range of event sizes is needed to define the moment corrections ranging
between -0.03 to -2.0 Hz, but larger Harvard CMT moments would only allow calibration of the lowest
frequencies. As part of the spectral calibration, we add constants to all amplitudes for each frequency band
such that the seismic moments, in a least squares sense, agree with the wavefonm modeled results. Since
these are fi-equency-dependent corrections, independent of distance, the corrections must be uniformly
applied to all distance-comected amplitudes. Detailed analysis shows that with conservative estimates of
the comer frequency, we can flatten the spectra for a range of event sizes. For events that are too small to
be waveform modeled, we can still estimatemoment using periods less thana few Hertz.

Testirw and Validation



Figure 8 shows spectra for two events, one is nodal at BGIO and the other is not. In both cases, the spectra
at KEG and BGIO are virtually identical, despite a significant source-radiation pattern difference. If we
compare individual amplitudes for a large number of events, we also see that the inter-station variation is
also very small. Finally, we verifi that our absolute amplitudes are correct by computing Mw from the
lowest frequencies of our measured spectra and compare against independent MW’S from waveform
modeling (note: we used different events than were used in the moment crdibration step). Figure 9 shows
thatthere is excellent agreementbetween the two approaches.
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Figure 8. Spectra for two events recorded at BGIO and KEG are
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CONCLUSIONS AND RECOMMENDATIONS
Integrationof calibration events from external contributors and LLNL’s internalefforts requires rigorous
validation procedures. We anticipatesignificant additions to the LLNL calibrationdatabasefrom work
conducted under the NNSA ROA contracts. These efforts will provide new benchmark events for testing
location accuracy criteria,as well as other events thatwill require criterion-based validation. The ROA
efforts will also produce a catalog of coda-based magnitudes thatwill aid in subsequentmonitoring studies.

We find a network coverage criterion to be best suited for epicenter accuracy validation. For events
determinedwith a teleseismic network we use the 50/90 criterion of Sweeney (1998). Aafter revision of
benchmark events we find thatthe 50/90 criterion provides 15 km accuracy as opposed to the 20 km
accuracy reported by Sweeney. For local networks we testthe 10/120 criterion of Bondar (personal
communication), and find thatthis criterion provides 20 km accuracy. By increasing the number of
network stationsto 20 and reducing the azimuthalgap to 90°, we find thataccuracy can be improved to 10
km.

We have developed a code-based magnitude determinationthatcan is particularlyapplicable to sparse
regional networks. The method is based on simultaneousanalysis of narrow-bandcoda envelopes. Raw
amplitudeobservations are calibratedusing waveform modeling resultsfor large events and assuming a
simple source spectralmodel. We provide tests demonstratingthe robustnessof the method and favorable
comparisons to independentwavefomn modeling results.

This work was performed under the auspices of the U.S. Department of Energy by the University
of California, Lawrence Livermore National Laboratory under Contract No. W-7405 -Eng-48.
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